We report on simultaneous g ′ , R c and I c photometry of SU Ursae Majoris during 2011 December -2012 February using OAO/MITSuME. Our photometry revealed that quiescence is divided into three types based on the magnitude and color. Quiescent light curves showed complicated profiles with various amplitudes and time scales. Although no superoutbursts were observed during our run, five normal outbursts occurred with intervals of 11 -21 d. The shapes of the normal outbursts were characteristic of the outside-in type. During the rising phase of a normal outburst, the light curve showed periodic modulations with a period of ∼ 0.048111(354) d, but the origin of this peirod was unclear. We examined daily averaged colorcolor diagram and found that two cycles exist. This implies that the thermal limit cycle in SU UMa is complicated. We newly discovered that g ′ − R c becomes red about 3 days prior to an outburst. Although the working mechanism on this reddening is unclear, we propose two possibilities: one is that the inner portion of the accretion disk is filled by matter and obscures the central white dwarf, and the other is that the stagnation effect works in the outer region of the accretion disk.
Introduction
Cataclysmic variables are semi-detached interacting binaries that consist of a white-dwarf primary and a latetype secondary. The secondary star fills its Roche lobe, transferring mass into the primary Roche lobe via the inner Lagrangian point (L1), by which the accretion disk is formed around the primary (for a review, see Warner 1995; Hellier 2001) . Dwarf novae constitute a subclass of cataclysmic variables, further classified into three subclasses according to their activities (for a review, see Osaki 1996; Osaki 2005) . SU UMa-type dwarf novae are one subclass of dwarf novae. They show two types of outbursts: normal outburst which lasts for a few days and superoutburst which lasts for more than 10 days . During the superoutburst, tooth-like modulations termed superhumps are visible. The mean period of the superhump are a few percent longer than that of the orbital period, which are believed to be caused by phase-dependent tidal dissipation of the eccentrically-deformed precessing accretion disk (Whitehurst 1988; Hirose, Osaki 1990) .
It is widely accepted that the mean superhump period varies as the superoutburst proceeds. This indicates that the structure of the accretion disk varies, or the eccentric mode propagates across the disk, or both (Uemura et al. 2005) . Recently, statistical studies of superhump period changes were performed by T. Kato and his colleagues, in which they calculated superhump period changes for as large as 500 superoutbursts (Kato et al. 2009; Kato et al. 2010; Kato et al. 2012b; Kato et al. 2013) . Such an unprecedented statistical studies have revealed the basic picture of the superhump period change. The textbook of O − C diagram consists of three stages: stage A when the mean superhump period is constant, stage B when the mean superhump period increases as the superoutburst proceeds, and stage C when the mean superhump period keeps constant but the period slightly shorter than that of stage A. The vast majority of SU UMa-type dwarf novae follows the basic picture of O − C diagram. However, there exist some exceptions. For instance, some objects do not show stage A. Another exception is that the mean superhump period decreases during stage B. In order to understand the observed diversity of the superhump period changes, time-resolved photometry not only during superoutburst but also during quiescence are imperative.
Another noticeable topic is that unprecedentedly precise light curves with one minute cadence have been provided by Kepler satellite (Borucki et al. 2010; Haas et al. 2010) . Kepler observations include some dwarf novae Wood et al. 2011; Barclay et al. 2012; Osaki, Kato 2012 Cannizzo et al. (2010) and Cannizzo et al. (2012) examined various parameters of each outburst and intervals of quiescence, and conclude that the thermal-tidal instability model faces a difficulty in explaining quiescent intervals between normal outbursts during a supercycle. On the other hand, Osaki, Kato (2012) investigated Kepler data of V1504 Cyg and concluded that the overall light curve is well reproduced by the thermal-tidal instability model. From an observational viewpoint, Kato et al. (2012b) detected superhumps during a normal outburst just prior to the superoutburst of V1504 Cyg. Kato et al. (2012b) also studied superhump period changes of these objects. In V344 Lyr, Kato et al. (2012b) reported that a stage B−C transition may be associated with the secondary component of the superhumps that emerges from the middle of the plateau phase.
Kepler data of V344 Lyr and V1504 Cyg provide further scientific topic: study of negative superhumps. Negative superhumps are considered to be a consequence of retrograde precession of the tilted accretion disk (Patterson et al. 1995; Montgomery 2009;  Montgomery 2012a). However, physical mechanisms for generating negative superhumps are still in debate (Montgomery 2012b) . In general, negative superhumps are known to be observed occasionally in ER UMatype and novalike stars (Patterson et al. 1995; Ringwald et al. 2012; Ohshima et al. 2012) . However, recent analyses reveal that negative superhumps are detected not only in these systems, but also in WZ Sge-type stars and typical SU UMa-type stars Kato et al. 2010; Kato et al. 2012b) . From the theoretical side, Montgomery (2012b) performed SPH simulations and succeeded in reproducing accretion disks in SU UMa-type dwarf novae that tilt, warp, and precess in the retrograde direction. She concludes that negative superhumps and/or their signals should be ubiquitous below the period gap. Using the frequencies of negative superhumps, Osaki, Kato (2012) estimated the disk radius of the accretion disk of V1504 Cyg and confirmed that it varies as predicted by the thermal-tidal instability model.
In response with the above mentioned results, we set up multicolor photometry using OAO/MITSuME (Kotani et al. 2005) . Our goals are, to constrain the physical mechanism that causes the diversity of O − C diagram of SU UMa-type dwarf novae, to understand quiescent light curves and color indices, and to understand the nature of negative superhumps. The present photometric campaign provides an unprecedentedly long-term light curve of SU UMa itself. Although no superoutbursts were observed during our run, we obtained extensive light curves and color indices. Part of our results has been already published as a letter (Imada et al. 2012 ).
Observations
Simultaneous g ′ , R c , and I c photometry were performed from 2011 December 1 to 2012 February 20 using the 50cm-MITSuME telescope located on Okayama Astrophysical Observatory (Kotani et al. 2005) . A journal of observations is given in table 1. The total datapoints of our run exceed 60000, which is the largest photometric campaign ever performed for SU UMa. On 2012 January 21 and 23, the shutter of CCD in g ′ band did not work very well, so that we excluded these data for period and color analyses.
After excluding bad data, we used 20191, 21459, and 20975 datapoints for g ′ , R c , and I c bands, respectively. The obtained images were analyzed with aperture photometry using IRAF/daophot 1 . We derived magnitudes and colors of SU UMa with differential photometry using Tycho-2 4126-00036-1 (RA: 08:12:45.104, Dec: +62:26:17.57), whose constancy was checked by nearby stars in the same images. We adopted g ′ =10.72, R c =10.41, and I c =9.98 as the magnitudes of the comparison star. These values may contain some errors, but such uncertainty will not influence on the main results, because we focus on the variations of light curves and avoid estimation of temperatures based on color indices.
We also performed J band photometry using the 1m-telescope of Kagoshima university. Table 2 shows a log of J band photometry. Exposure times were 30 sec for 2012 March 13 and 45 sec for 2012 March 14, respectively. To obtain better S/N, we summed two consecutive frames, so that substantial exposure times were 60 sec and 90 sec, respectively. Because of the narrow view of the telescope (5'×5'), we cannot use the same comparison star as that used in the optical. Instead we adopted 2MASS J081237.88+623842.3 (J=13.039) as the comparison star, whose constancy was checked by 2MASS J081232.76+623743.5 (J=14.193) and 2MASS J081247.05+623700.0 (J=13.562). Unfortunately, simultaneous optical-near infrared photometry were unable to be performed because another observational schedule ran on MITSuME telescope .
Heliocentric correction was made before the following analyses. Figure 1 shows the obtained light curve of R c band. During our observations, SU UMa exhibited five normal outbursts at intervals of 11-21 days. According to the AAVSO light curve generator, a normal outburst occurred on 2011 November 30 2 . Based on this observation, we safely regard slight brightness on 2011 December 1 as the declining stage of the normal outburst. It should be noted that the quiescent magnitudes in stage E, I and K are obviously brighter by ∼ 0.5 mag than those in other stages. We call stage E, I, and K "bright quiescence", and stage A, C, and G "faint quiescence" throughout this paper. In addition, we briefly note that a flare-like event was observed on 2011 December 11, when R c magnitude varied from 15.5 to 14.5 at a rate of −6.1(1) mag/d. Similar phenomenon was reported by Echevarria et al. (1996) in which the magnitude changed drastically within a time scale of ∼ 0.2 d (see figure 1a of Echevarria et al. (1996) ).
Results

Quiescence
Figure 2 and 3 displays representative light curves and g ′ − I c variations during faint and bright quiescences, respectively. As can be seen in these figures, the light curves show incoherent profiles with various time scales and amplitudes. It also should be noted that the maxima of the magnitude coincide with the blue peaks of g ′ − I c . This is in contrast with that observed during superhumps, during which the bluest peak in g ′ − I c is prior to R c by a phase of ∼ 0.2 (Matsui et al. 2009; Imada et al. 2012) . In order to search for periodic signals in the light curves, we performed the phase dispersion minimization method (PDM, Stellingwerf 1978) for detrended light curves. Figure 4 shows results of PDM analyses. As can be seen in this figure, these theta diagrams imply many periodicities. In this section, we focus on periods around the orbital period of the system (P orb =0.07635 d, Thorstensen et al. 1986) . Table 3 lists candidate periods around the orbital period. In order to clarify the origin of these periodicities, we folded light curves and g ′ − I c variations with the periods listed in table 3. An example of the results is shown in figure 5 , in which hump-like modulations are visible. However, we could not find robust evidence for negative superhumps, whose profiles show a slow rise and rapid decline in their light curves (Osaki, Kato 2012) . Regarding positive superhumps, a hint of them was shown in some folded light curves. But no phase discordances between light curves and colors were observed.
Outburst
During our run, SU UMa experienced five normal outbursts, of which three (stage B, D, and J) were well observed. The overall profiles of these outbursts resemble those of type-A (outside-in) outburst (Smak 1984) . The declining rates of these normal outbursts were estimated to be ∼ 1 mag/d, typical for those observed in SU UMatype dwarf novae (Olech et al. 2004 ). We performed PDM analyses during the normal outbursts. Figure 8 shows the resultant theta diagrams applied to the fading stages of each normal outburst. During stage D, we reported on detection of superhumps in the previous letter (Imada et al. 2012) . As for stage J, a hint of superhumps was observed with the period of P =0.078365(295) d. We folded the light curve and g ′ − I c color with this period. Figure 9 exhibits the resultant data. Although the phase averaged light curve is reminiscent of superhumps, no significant color variations are found. Figure 6 illustrates the enlarged light curve and color on 2011 December 14, corresponding to the onset of the outburst (stage B). One can notice cyclic variations with amplitudes of ∼ 0.3 mag. During the rising stage, the magnitude brightened at a rate of −1.4(1) mag/d. This value is unusually smaller compared with those observed in other SU UMa-type dwarf novae (−6 mag/d, Warner (1995) ). Judging from the obtained value, the rising rate may have changed after our observation. After removing the rising trend, we performed a period analysis for the residual light curve. The resultant theta diagram is displayed in figure  7 , from which we derived P =0.048111(354) d as a candidate period. This periodicity can be checked by simple eye-estimation of the light curve. We also tried to examine the rising phase of stage J, but noisy data prevented us from a period analysis. Figure 11 displays the daily averaged color-color diagram of SU UMa. As can be seen in this figure, bright quiescence tends to show redder g ′ − Rc and bluer Rc − Ic compared with those of faint quiescence. In addition, one can notice the "gap" at a threshold of g ′ − Rc ∼ 0.28, which indicates that the magnitude in g ′ band becomes more faint than that in Rc and Ic bands. It also should be noted that all datapoints of g ′ − Rc during bright quiescence are located in the red side of the gap.
J band photometry
Discussion
color-color diagram
In order to further understand the color-color diagram, we investigated each datapoint of faint quiescence. We found that, (1) after the end of an outburst, color indices of g ′ − Rc tend to be located in the blue side of the gap although there exist exceptions, and (2) from a few days prior to outburst, color indices of g ′ − Rc are located in the red side of the gap without exceptions. Taking these facts into account, we can draw the evolutions of color indices, which are given in figure 12. Based on this diagram, we can find two cycles: outburst → faint quiescence with bluer g ′ − R c → faint quiescence with redder g ′ − R c → outburst (marked with solid arrows) and outburst → bright quiescence → outburst (marked with a dashed ar- row). The absence of data in the gap implies that a typical time scale of the transition from blue to red side is as short as 1 day. The coexistence of the cycles suggest that the thermal equilibrium curve of the disk instability model is more complicated such as figure 2 of Mineshige, Osaki (1985) , compared with that of the simple S-shaped curve. Recently, Price et al. (2007) performed extensive V and I c photometry of the prototypical dwarf nova SS Cyg and reported that a hint of a variation in the V − I c color was observed 5 days prior to outburst. Although we used g ′ , R c and I c bands, we confirmed a color variation prior to outburst, as suggested by Price et al. (2007) . In the present study, we have found that, at least SU UMa itself, the values of color indices are a powerful indicator for expecting an impending outburst.
Why is g ′ band faint before an outburst? One possibility is that inner portion of the accretion disk is filled by matter, which obscures the flux from the white dwarf. If this is the case, then line profiles in Balmer series such as Hβ and Hγ should change before an outburst; wing velocities will increase because of the existence of the inner matter. Another possibility is that the stagnation effect, originally propounded by Mineshige (1988) , works in the accretion disk. Mineshige (1988) predicts that the outer cool region makes a halt in a warm state with T eff ∼ 6000 K at the onset of type-A outbursts. If the stagnation stage occurs prior to outburst, this can bring g ′ − R c to a redder side of color-color diagram. In order to clarify the nature of the faintness in g ′ band, spectroscopic observations prior to outburst should be performed.
Quiescence
One of the most significant findings in our observations is that we confirm the presence of bright quiescence in SU UMa itself. It is well known that, after the end of superoutburst, SU UMa-type dwarf novae keeps brighter magnitudes compared with those of the majority of quiescence (Patterson et al. 1998; Sterken et al. 2007 ). This trend can be also seen in the Kepler data of V344 Lyr and V1504 Cyg, although there exist some excep- tions Osaki, Kato 2012) . Cannizzo et al. (2010) noted that this is associated with cooling of the white dwarf heated by a superoutburst (Sion 1995) , although the slow decay in V344 Lyr for about 50 days after a superoutburst mentioned in Cannizzo et al. (2010) might be due to a purely instrumental effect accompanied by repositioning of Kepler spacecraft (see §2.1 in Cannizzo et al. (2012) ). Bullock et al. (2011) suggest that the white dwarf of GW Lib was heated by the 2007 superoutburst and has not returned to the quiescent state. Therefore one can expect that appearance of bright quiescence is restricted in the vicinity of the termination of the superoutburst.
The present observations, however, show that appearance of bright quiescence is independent of superoutburst. In addition, the durations of bright quiescence tend to be shorter compared to those of faint quiescence. Although the reason for entering bright quiescence should await further observations, it may attribute to the accretion disk itself, rather than the heated white dwarf.
Regarding light curves, they show complicated profiles with various time scales and magnitudes. As mentioned the previous section, no significant signals corresponding to the orbital period were detected in the PDM analyses. This implies that the main light source may be originated from a complicated structure of the accretion disk, rather than the hot spot. Color variations and light curves correlate well each other: the maxima of the light curves coincide with the blue peaks of g ′ − I c . This differs from those observed in superhumps, in which the blue peaks of g ′ − I c is prior to the bright maxima of R c band by phase ∼ 0.2 (Matsui et al. 2009; Imada et al. 2012) . Matsui et al. (2009) noted that such behavior is associated with the heating and expansion in the accretion disk. From this standpoint, the present result implies that these processes are marginal during quiescence. 
outburst
As noted in the previous section, SU UMa exhibited five normal outbursts during our observations. The bright maxima occurred on 14, 35, 46, 63, and 77 d from the epoch of our observations, by which we roughly estimated recurrence times as 21, 11, 17, and 14 d. According to the original thermal-tidal instability, the recurrence time of normal outburst increases with the supercycle phase (Osaki 1989) . However, the present observations show that no regularity exists in the recurrence times of the normal outbursts. Similar trend can be also seen in the Kepler light curves of V344 Lyr and V1504 Cyg, in which the duration of quiescence ranges from 3 d to 20 d. So far, our obtained data cannot lead to a conclusion why SU UMa shows various durations of quiescence.
As displayed in figure 6 , we succeeded in observing the very onset of the outburst, in which the light curve showed hump-like modulations with a period of 0.048111(354) d. If these modulations are linked to the Keplerian motion of the accretion disk, then the light source is originated from ∼ 0.7a, where a denotes the binary separation. This value is far beyond the tidal truncation radius of the accretion disk of SU UMa. It is unlikely to be the case either Rc -Ic that these are associated with the hot spot, since no sign of the orbital period is detected. At present, the origin of the modulations and periodicity is unclear. In order to clarify the physical mechanism of these modulations, further photometric data before the onset of an outburst should be collected. 
negative superhumps
One of the purposes of our observations is to study negative superhumps of SU UMa-type dwarf novae. As noted in the previous section, our PDM analyses imply the signals shorter than the orbital period of the system. Osaki, Kato (2012) noted that negative superhumps show coherent light curves with a slow rise and rapid decline, like figure 8 of their paper. Wood et al. (2011) reported that appearance and disappearance of negative superhumps may be triggered by an outburst, based on period analyses on V344 Lyr. In conjunction with these results, it may be premature to conclude that we detect negative superhumps, even though the theta diagrams imply the periodicities shorter than the orbital period.
Although we are less confident on detection of negative superhumps, our result does not mean that SU UMa shows any negative superhumps at all. For example, V344 Lyr and V1504 Cyg exhibited negative superhumps for only 150 d and 260 d against more than 600 d data (Wood et al. (2011); Osaki, Kato (2012) ). Taking these facts into consideration, our observations are too short to conclude whether SU UMa shows negative superhumps.
As noted in Imada et al. (2012) , SU UMa experienced unusual states in the past (Rosenzweig et al. (2000) ; Kato (2004) ). According to Rosenzweig et al. (2000) , SU UMa hardly showed outbursts for about 3 years, despite the fact that a mean supercycle of SU UMa being ∼ 1 year. In addition, SU UMa occasionally entered long quiescence with durations of longer than 50 d (Rosenzweig et al. 2000) . Recently, many authors point out that appearance of negative superhumps suppress an outburst (Ohshima et al. (2012); Osaki, Kato (2012) ). Based on these ideas, we speculate that such a long quiescence might be associated with negative superhumps. This should be investigated by further quiescent photometry not only for SU UMa itself, but also for other SU UMa-type dwarf novae.
Summary
In this paper, we summarize our results as follows: 1. Quiescence is divided into two types according to the magnitude: faint quiescence and bright quiescence. The latter is further divided into two types based on g ′ − R c color. During bright quiescence, the averaged magnitude is ∼ 0.5 mag brighter than that of faint quiescence.
2. The obtained light curves varied with the amplitude as large as ∼ 1 mag with irregular and incoherent profiles. Although our period analyses imply the period-[Vol. , icities shorter than the orbital period, it is premature to conclude that we detect negative superhumps.
3. During our photometric campaign, SU UMa experienced five normal outbursts, of which three were successfully observed. These outbursts are characteristic of the outside-in type. At the rising phase of the stage B outburst, hump-like modulations were visible at a period of ∼ 0.048111(354) d. The origin of this period remains unknown.
4. Daily-averaged color-color indices of SU UMa revealed two cycles: outburst → bright quiescence → outburst, and outburst → faint quiescence (blue) → faint quiescence (red) → outburst. This suggests that the thermal limit cycle of the accretion disk for SU UMa is more complicated.
5. The color index in g ′ − R c becomes redder ∼ 3 days prior to an outburst. One possibility is that the inner portion of the accretion disk is filled by gas, which obscures the central white dwarf. We cannot rule out the possibility that the stagnation effect works at the onset of the outburst. The physical mechanism on this reddening should be elucidated in future observations.
